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A B S T R A C T
Determination of 135Cs/137Cs atom ratios has the potential to be a powerful tool for nuclear forensics and
monitoring environmental processes. We present optimized chemical separation techniques and thermal
ionization mass spectrometry (TIMS) protocols to obtain precise 135Cs/137Cs atom ratios for a range of
environmental sample types. We use a combination of double AMP-PAN separation and Sr-spec resin column
puriﬁcation to yield excellent separation from the alkali metals (Rb separation factor > 600), which normally
suppress ionization of Cs. A range of emission activators for the ionization of Cs were evaluated and glucose
solution yielded the optimal combination of a stable Cs+ beam, minimal low-temperature polyatomic
interferences and improved ionization eﬃciency. Mass-spectrometric determination of low abundance 135Cs
and 137Cs is compromised by the presence of a very large 133Cs+ beam, which may be scattered and cause
signiﬁcant spectral interferences. These are explored using multi-static Faraday cup – ion counter methods and
a range of energy ﬁlter settings. The method is evaluated using environmental samples and standards from
regions aﬀected by fallout from Chernobyl (IAEA-330) and Fukushima nuclear disasters. Where the intensity of
133Cs+ is large relative to 135Cs+ and 137Cs+ ( < 30 cps), minor polyatomic interferences need to be considered.
In the absence of a standard with 135, 137Cs/133Cs < 1 × 10−8, we explored the reproducibility of 135Cs/137Cs
atom ratios at these high dynamic ranges and extremely low abundance (137Cs ≈ 12 fg g−1) for sediments from
an estuarine setting in SW England, UK.
1. Introduction
Radiocaesium has been widely dispersed across the Earth due to
nuclear operations since the ﬁrst atmospheric nuclear weapons test in
1945 [1–4]. Caesium has a strong aﬃnity for particulates, which makes it a
powerful tracer for a range of environmental processes [5–9].
Conventionally, 137Cs is routinely monitored in sediments, aerosols, plants
etc. by gamma-spectrometry, but rarely are all of the high-yield Cs ﬁssion
and activation products measured. The continual release, remobilization
and dispersion of 137Cs in the environment enhances mixing of 137Cs from
diﬀerent sources causing background quantities to increase. Where multi-
ple sources of 137Cs are associated with an environmental deposit, it is
important that we consider the additional Cs isotopes to determine
provenance and pathway [10–13]. While source terms may be identiﬁed
by quantifying 134Cs/137Cs activity ratios using gamma-spectrometry [14–
18] this approach is limited because of the short half-life of 134Cs (2.07 a).
One can also turn to the much-longer lived radiocaesium isotope, the
low energy β-emitter, 135Cs (t1/2 = 2.3 Ma). While the speciﬁc activity is
much less than that of 134, 137Cs, limiting the use of radiometric techniques,
its atomic abundance is suitable for mass spectrometric determination.
Although the low decay energy eliminates this nuclide from being an
immediate radiological risk, its long half-life and high ﬁssion yield have
caused it to be identiﬁed as a major contributor to radiological risk for
geological disposal/storage facilities [19,20]. Furthermore, because of the
large neutron capture cross-section its parent nuclide, 135Xe, the production
of 135Cs relative to 136Xe is a function of neutron ﬂux and the reactor
conditions that govern 135Xe concentration (Fig. A1). These characteristics
cause 135Cs/137Cs to be an extremely sensitive reactor proxy for nuclear
forensics, nuclear waste characterization and tracing environmental pro-
cesses [11,21–23].
Measurement of 135Cs/137Cs was addressed initially by Lee et al.
[24], using thermal ionization mass spectrometry (TIMS). However,
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due to the associated analytical challenges, only a few laboratories have
published 135Cs/137Cs data for environmental samples such as water,
sediments and vegetation [10–12,22–32]. Challenges are caused by the
low abundance of radiocaesium in environmental samples relative to
problematic matrix components such as, 134, 135, 137Ba and 133Cs, that
are present in far greater quantities (Fig. 1) [24,33]. Here we optimize
ionization conditions whilst taking advantage of the m/z ﬁltering
capability of TIMS to build on the achievements of others [24,26].
One of the principal challenges is the elimination of Ba as an
isobaric interference. Resistive heating of a Re ﬁlament and suitable
activator can be used to selectively ionize Cs at low temperatures
without promoting Ba ionization. This approach permits the measure-
ment of Cs isotopes in the presence of residual trace Ba (0.7 – 5 ng L−1)
after separation chemistry or in reagent blanks: to completely remove
Ba is extremely challenging [33]. While eliminating the need to correct
for Ba interferences reduces one component of measurement uncer-
tainty, it does introduce minor considerations including, (1) incom-
plete separation of Cs from other elements, such as alkali metals, that
can suppress Cs ionization, (2) while activators can be used to optimize
ionization behavior, they may also introduce polyatomic interferences.
In addition, measurement of low abundance radiocaesium peaks in the
presence of extremely large, natural 133Cs+ beams requires careful
consideration for scattered ions and tailing.
In this paper, we investigate how diﬀerent chemical treatment
procedures may be used to provide information on the partitioning of
natural and anthropogenic caesium in environmental samples and also
their eﬀect on potentially contaminating elements. The behavior of Rb
and Cs with AMP-PAN and Sr-spec resin are explored and the eﬀect of
their separation on TIMS analysis is discussed. We assess the inﬂuence
of diﬀerent activators on Cs ionization eﬃciency and problematic
interferences. The m/z ﬁltering capabilities of TIMS for extremely
high-dynamic range measurements, with consideration for detector
preservation and scattered ions, are explored. These ﬁndings are
assimilated to produce a robust, routinely-applicable method for the
determination of fallout radiocaesium in a range of environmental
samples, most notably, estuarine sediments. The proposed methodol-
ogy is evaluated using environmental samples contaminated by the
Fukushima Daiichi Nuclear Power Plant and Chernobyl disasters.
2. Materials and methods
Rb/Cs concentration ratio is referred to as a proxy for Cs separation
throughout this paper. Because Rb behaves extremely similarly to Cs,
separation of Cs from Rb is expected to be indicative of successful
separation of Cs from other problematic matrix components.
2.1. Instrumentation
All concentration measurements were performed using a
ThermoELEMENT 2XR sector ﬁeld-inductively coupled plasma mass
spectrometer (SF-ICPMS). Prior to conducting measurements, the
instrument was tuned and a mass calibration was performed. Stable
Cs and Rb concentration standards were prepared from 1 g L−1
elemental stock solutions (Sigma-Aldrich, Steinheim, Germany).
Isotopic analyses were conducted using a ThermoFinnigan Triton
TIMS. The instruments detector system is equipped with 8 moveable
Faraday cups and a ﬁxed center cup or SEM. The SEM is positioned
behind a retarding potential quadrupole (RPQ). Standard purity Re
single ﬁlaments were used for all measurements.
2.2. Pretreatment: selective leaching to minimize Rb/Cs
Approximately, 0.5 g of Severn Estuary sediment was dry ashed at
450 °C for 12 h, pulverized and transferred to a polytetraﬂuoroethylene
(PTFE) vial (Savillex, Minnetonka, USA). Nitric acid leaches (10 mL)
were performed at range of concentrations (0.5–12 M) and a complete
acid digest was also conducted using 6 mL 16 M HNO3 and 3 mL 28 M
HF (All reagents used were analytical grade or purer). The samples
were left to reﬂux at 165 °C for 12 h before Cs and Rb concentrations
were determined by SF-ICPMS.
2.3. Pretreatment: preferential extraction of radiocaesium from 133Cs
To increase 135, 137Cs/133Cs by sample pre-treatment, a 1 M HNO3
leach was compared to an 8 M HNO3 leach. This experiment was
performed on homogenized sediment (1 g), sampled from the Esk
Estuary, Cumbria. The site has sequestered radiocaesium introduced to
the Irish Sea by Sellaﬁeld Nuclear Reprocessing Plant over the last 50
years [34,35]. The respective leachates underwent chemical separation
prior to isotopic analysis by TIMS.
2.4. Separation of alkali metals from matrix components
Initial pre-concentration was performed by placing 1 mL of AMP-
PAN resin into a BioRad 30 × 80 mm Econo-Pac column. The resin was
pre-conditioned with 10 mL 18 MΩ H2O, followed by 10 mL 3.5 M
HNO3. Sample was loaded onto the column in 2 mL 3.5 M HNO3,
rinsed with 20 mL 0.2 M NH4NO3 and 10 mL 18 MΩ H2O, the Cs was
subsequently eluted with 4.8 mL 5% (v/v) NH4OH followed by 7.2 mL
18 MΩ H2O. Recovery of Cs from AMP causes the material to
decompose introducing Mo to the eluent. Here, solution should be
kept in basic conditions to prevent the formation of insoluble molyb-
date complexes, MX+(MoO4
2-)X [36,37]. To separate Cs from Mo, ~
20 mL of anion exchange resin (BioRad AG1-X8, OH- form, 200 – 400
mesh), was loaded into a 30×80 mm column, preconditioned with
20 mL 18 MΩ H2O and 20 mL 2.5% (v/v) NH4OH, before loading the
sample. The resin retains Mo while Cs was collected immediately.
Smaller volumes of resin did not suﬃciently remove Mo leaving
insoluble residue that retained Cs when the eluent was dried down.
Ammonium salts were removed by reﬂuxing the sample in 1 mL 16 M
HNO3 and 1 mL 30% (v/v) H2O2 at 165 °C for 4 h before allowing the
solution to evaporate. The sample was dissolved in 2 mL 3.5 M HNO3.
2.5. Separation of Cs+ from the other alkali metals
For further separation, 1 mL of AMP-PAN was placed in a 4 ×
50 mm STFE column (Shrinktec polymers international) and condi-
tioned with 10 mL 18 MΩ H2O, followed by 10 mL 3.5 M HNO3.
Sample was loaded onto the column and rinsed with 15 mL 0.2 M
NH4NO3, which selectively exchanges K
+ and Na+ with NH4
+. The
greater abundance of matrix components, speciﬁcally cations, are
anticipated to inhibit this exchange step during the pre-concentration
stage. The resin was then rinsed with 3 M NH4NO3 to elute Rb while Cs
is retained. Elution proﬁles for 3 homogenized environmental samples
(estuarine silts from Severn Estuary, UK) were determined using SF-
ICPMS to quantify Cs loss and Rb removal. Prior to elution, the resin
Fig. 1. Superimposed mass scans of radiocaesium and potential interferences that may
occur from m/z 134.5 – 138.5.
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should be rinsed with 15 mL 18 MΩ H2O to ensure NH4NO3 is not
introduced to the eluent fraction. Sample was eluted with 4.8 mL 5%
(v/v) NH4OH and 7.2 mL 18 MΩ H2O. The same anion exchange and
oxidation steps were performed to remove Mo and ammonium salts.
2.6. Final puriﬁcation of Cs+ from Rb+
Samples from the previous step were adjusted to 1 mL 1 M HNO3
and loaded onto 1 mL of Sr-spec resin in a 4 × 50 mm STFE column
preconditioned with 10 mL MΩ H2O and 10 mL 1 M HNO3. The Cs
fraction was collected immediately, Rb/Cs was subsequently deter-
mined by SF-ICPMS.
2.7. Comparison of activators for desired Cs ionization
To quantify ionization eﬃciencies for the following activators,
tantalum chloride in phosphoric acid, silica gel mixed with phosphoric
acid and glucose solution, the same activator was applied to 3
ﬁlaments. Increasing quantities, 1 ng, 10 ng and 100 ng, of 133Cs were
subsequently loaded onto the activator-coated ﬁlaments. This experi-
ment was also performed on a ﬁlament with no activator.
2.8. Assessing the eﬀect of detector conﬁguration on scattered 133Cs+
To illustrate scattering of 133Cs+, a series of mass scans were
performed where Faraday cups L1 and L2 were moved across the focal
plane while m/z 134.5 – 139.0 were focused into the axial SEM (Fig.
A3). This was performed by loading 1 μg 133Cs with glucose activator
onto a single, standard purity Re ﬁlament. To quantify these eﬀects,
measurements of an internal radiocaesium standard were conducted
under two scenarios (1) m/z 134.905 and m/z 136.905 (atomic mass
units of 135Cs and 137Cs, respectively), were counted on the axial SEM
while 133Cs+ was simultaneously collected in a Faraday cup. (2) m/z
134.905 and m/z 136.905, were counted on the axial SEM with no
133Cs+ collection. For both of these experiments, ions were detected
after passage through the Retarding Potential Quadrupole (RPQ) ﬁlter,
which ﬁlters ions based on energy and angle of trajectory.
2.9. Changing RPQ ﬁlter settings to consider behavior of scattered
133Cs+
For these experiments, 1 µg 133Cs was loaded onto a Re ﬁlament
with glucose activator. Mass scans form/z 134.5 – 139 were performed
with a large 133Cs+ beam (30 – 40 V). Between measurements, RPQ
settings for suppressor and deﬂection voltages were adjusted from
standard settings (2740 V and 9954 V, respectively) to extreme poten-
tials that, theoretically, prevent ion transmission to the SEM (0 V and
9974 V, respectively).
2.10. Minimising the exposure of Faraday cups to large 133Cs+ beams
To avoid exposing multiple Faraday cups to large 133Cs+ beams,
Faraday cup L2 was moved across the focal plane between measure-
ments: ﬁrstly 135Cs(IC1)/133Cs(L2) was quantiﬁed, then Faraday cup
L2 was moved across the focal plane to measure 137Cs(IC1)/133Cs(L2).
To evaluate this measurement technique, it was compared to a peak
jumping method using Faraday cups L2 and L1. This experiment was
performed using a radiocaesium sample where 135, 137Cs/133Cs ≈ 1 ×
10−7.
2.11. Evaluation of methodology
To evaluate the methodology, reference material IAEA-330 (spi-
nach) was obtained from the International Atomic Energy Agency
(IAEA) and environmental samples were collected from areas of the
Japanese environment that have been heavily contaminated by the
Fukushima Daichii Nuclear Power Plant disaster. Finally, to assess this
methodology for estuarine samples, where 135, 137Cs/133Cs is on the
order of 1 × 10−9, a 40 Bq kg−1 (12 fg g−1) estuarine sediment sample
(quantiﬁed by gamma-spectrometry) was collected from the Severn
Estuary, homogenized and split into 3, 1 g sub-samples.
3. Results and discussion
3.1. Recommendations for chemical separation
The presence of alkali metals suppresses the ionization of Cs [38].
Inadequate chemical separation of Cs from the other alkali metals
causes it to ionize at the same temperatures as Ba. The high abundance
of these metals in estuarine sediments relative to Cs, combined with
their similarities in chemical behavior makes this separation extremely
challenging.
Recently, Snow et al. compared three diﬀerent puriﬁcation steps
following initial pre-concentration by AMP-PAN [26]. Further puriﬁca-
tion by AMP-PAN cation exchange followed by anion exchange and a
ﬁnal micro-cation exchange step provided the greatest separation from
Rb. Subsequent publications demonstrate that this is a robust method
for measuring ultra-trace quantities of Cs isotopes in soils and
vegetation by TIMS [11,22,25]. When this technique was applied to
estuarine sediments - which are typically clays that contain high
quantities of Rb in the mineral matrix and also, due to the nature of
the marine environment, contain considerably higher concentrations of
alkali metals - it was not possible to obtain a consistent elution proﬁle
for the ﬁnal micro-cation exchange step. Furthermore, commercial
cation-exchange resins have low selectivity over similar cations such as
the alkali metals, particularly Rb and Cs [39]. To account for these
inherently complex matrix eﬀects, modiﬁcations have been made to
sample pre-treatment, the AMP-PAN cation-exchange step and rather
than purifying by microcation exchange, Sr spec resin (Triskem
International) has been examined for the ﬁnal separation step. It
should be highlighted that AMP-PAN is a relatively new separation
material highly selective towards Cs which, following decomposition, if
the eluent is not kept in appropriate chemical conditions, can form an
insoluble substrate, compromising the respective sample. For these
reasons, it is prudent to continue eﬀorts in optimizing the analytical
procedures associated with this material.
3.1.1. Pretreatment: selective leaching to minimize Rb/Cs
Complete acid digest yielded Rb/Cs = 15.0 ± 3.1. Fig. 2 indicates
that HNO3 molarities between 4 M and 12 M yield the lowest Rb/Cs (~
11). A concentration of 7 M HNO3 was selected for routine work to
ensure residual organics from ashing decompose. Higher concentra-
tions were avoided to minimize the addition of other undesirable
species to the system with similar chemical properties to Cs+, such as
Zn2+ [40]. These data demonstrate how specialized sample pretreat-
ment protocols may be implemented to simplify subsequent separation
chemistry.
Fig. 2. Concentration ratios of Rb/Cs leached from estuarine sediment by nitric acid at a
range of concentrations. Uncertainties estimated to 2σ.
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3.1.2. Pretreatment: preferential extraction of radiocaesium from
133Cs
The experiments performed here demonstrate 1 M HNO3 leaches
produce larger 135, 137Cs/133Cs in comparison to treatment with 8 M
HNO3 (Table 1). The 1 M leach increases
135, 137Cs/133Cs, by ~ 80%
without altering 135Cs/137Cs. Although, 135, 137Cs/133Cs = 1 × 10−8 still
induces 133Cs+ scattering, scattering will be reduced. This will improve
precision and preserve Faraday cups from large 133Cs+ beams. We
advise this technique is used with discretion for samples that have
received multiple sources of radiocaesium: this technique may selec-
tively extract one source of radiocaesium without extracting others
[41].
The possibility of extracting diﬀerent components of radiocaesium
is a key advantage: Preliminary ﬁndings suggest selective extractants
may be used to liberate speciﬁc sources of radiocaesium partitioned
within diﬀerent geochemical fractions of an environmental sample.
Using selective pre-treatments to extract multiple, isotopically distinct
sources associated with the same environmental sample would provide
the opportunity to more accurately ascertain source attribution and to
interpret, in greater depth, the conditions that led to the production of
the radiocaesium. Speciﬁcally, pretreatment in this way may be
implemented to separate the fraction of an isotopic system associated
with a given release event while global fallout material is retained on
the material. This tactic could be employed to permit interpretation of
an isotope ratio that may otherwise be compromised by mixing with
global fallout material. Environmental samples from the Fukushima
prefecture are an example of a recent scenario where global fallout has
obstructed interpretation in this way [22]. It must be acknowledged,
however, that while this approach demonstrates potential, for samples
where Cs is in a refractory phase, such as a fuel cladding particle
associated with moss, total digestion procedures will be necessary [42].
3.1.3. Separation of Rb from Cs by AMP-PAN
While the presented elution proﬁle is expected to be sensitive to
variations in sample matrix composition and column parameters,
calibrations for 3 replicates of homogenized estuarine sediment show
that rinsing with excess amounts of NH4NO3 can prematurely elute Cs
considerably reducing yield (Fig. 3). Surprisingly, this occurred without
the typical colour change that is caused by the decomposition of AMP
from PAN, suggesting Cs was eluted without the introduction of large
quantities of Mo. Based on these observations, for routine work on
estuarine sediments, the prescribed addition of 10 mL 3 M NH4NO3
was adjusted to 5 mL. Additionally, it highlights this step should be
well-calibrated for the respective sample and column parameters. This
step reduced Rb/Cs to ~ 0.6, however, further separation from Rb was
necessary to lower the Cs ionization temperature from Ba ionization.
3.1.4. Final puriﬁcation of Rb+ from Cs+ by Sr-spec resin
To further purify Rb from Cs, a Sr-spec resin column was used in
place of the previously recommended micro-cation exchange column
[26]. Sr-spec resin has previously been used to purify from Cs+ from
Ba2+ [32,33]. However, the chemical properties of Rb and Cs are more
similar, and the potential of Sr-spec resin to purify Cs+ from Rb+ for
environmental applications has not yet been examined. The Sr-spec
column improved Cs separation from Rb: Rb/Cs ≈ 0.04 (Table 2). In
combination with the appropriate activator (discussed in Section 3.4),
this degree of separation adequately reduced the ionization tempera-
ture of Cs to ~ 750 °C, resolving the issue of trace Ba impurities as
isobaric interferences. Furthermore, extraction chromatography elim-
inates the requirement of, potentially labor intensive, column calibra-
tions. Eliminating the requirement of column calibration also improves
the robustness of chemical separation because the system will not
require recalibration for diﬀerent sample matrices [26].
3.2. Comparison of activators
A stable ion beam is required to conduct accurate and precise
measurements. This requires a reagent that optimizes the thermo-
chemical properties of Cs for a given ﬁlament conﬁguration. This must
be achieved without promoting the ionization of other (polyatomic)
interferences.
Other studies have increased the ionization eﬃciency of Cs using an
ion cavity source and a triple ﬁlament conﬁguration [26,43]. To avoid
making non-trivial modiﬁcations to the ion source, several activators
have been evaluated to promote ionization using a single ﬁlament
conﬁguration. In promoting the ionization of an analyte at low
temperatures (≤ 900 °C), several activators also promoted ionization
of polyatomic interferences that otherwise decompose at the more
typical, higher temperatures of ionization ( > 1500 °C), despite im-
plementing extensive ﬁlament cleaning and degassing procedures.
Such species are also observed elsewhere [23,24,26,44]. The behavior
of these low-temperature polyatomic interferences are investigated and
a suitable activator is recommended. Increasing ionization eﬃciency
without yielding interfering species can considerably improve preci-
sion. Additionally, such information is expected to be beneﬁcial for the
analysis of other species that are ionized at comparatively low
temperatures (700 – 1100 °C) such as Li, B and Os.
For a single ﬁlament conﬁguration, loading the sample with an
activator to improve ionization eﬃciency and stabilize the Cs+ beam
was essential to conduct measurements (Table 3). Activators were
selected for testing based on the following rationale:
Table 1
Comparison of atom ratios for two acid leaches performed on the same homogenized
estuarine sediment sample. Uncertainties are presented to 2 SE.
HNO3 used for
leach (M)
135Cs/133Cs 137Cs/133Cs 135Cs/137Cs
8 1.82 ( ± 0.06) × 10−8 1.04 ( ± 0.04) × 10−8 1.76 ± 0.06
1 1.09 ( ± 0.02) × 10−7 6.21 ( ± 0.17) × 10−8 1.75 ± 0.06
Fig. 3. Elution proﬁle of Rb and Cs for 3 replicates of homogenized estuarine sediment.
Uncertainties estimated to 2SE.
Table 2
Comparison of Rb separation factors for procedures following initial pre-concentration.
Study Method (following initial pre-
concentration by AMP-PAN)
Rb separation factor
Snow et al.
[26]
Cation Exchange 2.2
AMP-PAN > 100
This study Cation exchange 2.3
Sr-spec 110
AMP-PAN 20
Additional AMP-PAN separation
followed by Sr-spec
> 600
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• Tantalum chloride in phosphoric acid was examined because it is
routinely used for the analysis of Sr isotopes by TIMS [45,46]. It was
anticipated this activator would be suitable for Cs given that Sr has
the most similar ionization properties to Cs in the periodic table out
of the elements routinely measured by TIMS.
• Silica gel mixed with phosphoric acid: silica gel forms a molten glass
across the ﬁlament surface, it was hypothesized this may suppress
the emission of polyatomic interferences [47].
• Although not reported, a glucose activator has successfully been
implemented elsewhere to promote Cs ionization [23,24].
Observations of the discussed interferences showed inconsistentm/
z 135/m/z 137, indicating the interferences are not isobaric because
they do not exhibit the isotopic signature of Ba (the only element with
nuclides at isobars 135 and 137). Additionally, the respective inter-
ferences did not exhibit the same isobaric constituents that occur at
diﬀerent isobars as they do not share the same ionization behavior e.g.
identical molecules that vary by 2 mass units due to an isotopic
constituent with a mass that also varies by 2 mass units, such as
123Sb14N and 121Sb14N. Based on these observations, it is apparent the
respective interferences are multiple polyatomic species, and given
their unpredictable ionization behavior, do not demonstrate character-
istics that allow for correction.
A mixture of TaCl and H3PO4 consistently yielded the greatest
intensity of polyatomic interferences ( > 1000 cps), while the silica gel
and H3PO4 suppressed their intensity to < 50 cps. Even at this
relatively low background, the inconsistent nature, both temporally
and from sample to sample (although variation from sample to sample
may be a function of source lens tuning), meant that they could not be
accurately corrected for. In considering this behavior, these interfer-
ences resemble those described by Snow et al. [26], rather than the
NaRbCN+ interference reported by Lee et al. [24] and Chen et al. [23].
Glucose was examined as a potentially suitable activator. Applying
glucose to the ﬁlament prior to loading the sample does not yield
polyatomic interferences and therefore, was selected as a routine
activator. To avoid carburization, which can cause sporadic ionization
of the analyte and an unstable Cs+ beam, only the thinnest layer of
glucose should be applied. In removing the requirement of correcting
for background interferences, analytical precision can be considerably
improved. Additionally, by recommending an activator that increases
ionization eﬃciency, in situations where sample quantity is limited, it is
possible to achieve much greater precision.
3.3. Scattered 133Cs+ as a spectral interference
If a large ( > 20 V) 133Cs+ beam is not focused into a Faraday cup,
133Cs+ is scattered. This introduces spectral interferences on the axial
SEM at m/z 134, 135 and 137 that increase as a function of beam
intensity (Fig. 4). Considering Cs+ is used as a sputter source, it is
highly desirable not to collect intense 133Cs+ beams in a Faraday cup to
avoid unnecessarily damaging the detector.
Currently, the behavior of these unusual interferences is only brieﬂy
mentioned in the literature and does not appear to be well-understood
[44]. Here, we perform novel experiments to assess the behavior of
scattered 133Cs+ with respect to detector geometry and the voltages
applied to the retarding potential quadrupole (RPQ). We recommend
techniques to minimize the detrimental eﬀects of large 133Cs+ beams on
Faraday cups and demonstrate their validity. Constraining the m/z
ﬁltering capabilities of these instruments is crucial in undertaking high
dynamic range experiments: for samples in this work 135, 137Cs/133Cs ≈
1 × 10−9. Observations of Cs isotopes at high dynamic ranges are
anticipated to be valuable for similar, high dynamic range isotopic
measurements, such as 236U/238U, 41Ca/40Ca, 129I/127I and 90Sr/88Sr
[48–51].
The eﬀect of scattered 133Cs+ on the background of m/z 134.905 and
m/z 136.905 is provided below (Table 4). Evidently, the background
increases by a factor of ~ 100 when 133Cs+ is not collected in a Faraday
cup, while collecting 133Cs+ is likely to damage the respective cup.
3.3.1. The eﬀect of Faraday cup position on scattered 133Cs+
A mass scan is performed to qualitatively assess the abundance of
species that are present over anm/z range of interest. In the case of the
Triton TIMS used in this work, the voltage applied to the magnetic
sector is adjusted to swing an ion beam across the focal plane. This
incrementally focusses the ion beam into a detector before focusing a
higher m/z into the same detector. In this way, a mass spectrum is
obtained: a proﬁle of the relative intensity of ionic species that occur
over an m/z range of interest. Mass scans are typically performed to
identify problematic interfering species or to screen a sample to
determine the relative abundance of analytes.
Table 3
Ionization efficiency (%) of activators tested for optimal 133Cs ionization.
Activator Quantity of 133Cs loaded (ng)
1 10 100
None 2.30 × 10−2 2.30 × 10−3 2.44 × 10−5
Silica gel + H3PO4 4.16 6.55 17.52
TaCl5 + H3PO4 7.66 11.73 7.12
Glucose 5.45 7.02 5.60
Fig. 4. Mass scans taken from m/z 134.5 – 139.0 where Faraday cup L1 is kept in the
same position while L2 is positioned at a) m/z 136.91 and b) 137.50.
Table 4
Comparison of background at m/z 134.905 and m/z 136.905 where either 133Cs+ is
focused into Faraday cup L2 or 133Cs+ is not collected. Uncertainties estimated to 2 SE.
Cup position No collection of 133Cs+ 133Cs+ collected in L2
Integration time (s) 2.1 2.1
No. of cycles 30 30
133Cs+ intensity (V) 24 25
m/z 133.905/133Cs – 3.97 ( ± 0.15) × 10−9
m/z 134.905/133Cs 2.22 ( ± 0.24) × 10−9 1.23 ( ± 0.71) × 10–11
m/z 136.905/133Cs 1.75 ( ± 0.15) × 10−9 2.57 ( ± 1.44) × 10–11
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For the low 135, 137Cs/133Cs samples investigated in this work, it is
necessary to perform mass scans at m/z 134.5 – 139.0 to ensure
interferences do not aﬀect measurements. However, while m/z 134.5 –
139.0 is focused into the SEM, the extremely large 133Cs+ beam is
moved across the back of the detector system. Oﬀ-axis Faraday cups on
the low mass side of the SEM may be positioned to instantaneously
capture the 133Cs+ beam while a given m/z is quantiﬁed by the SEM.
However, for periods where the large 133Cs+ beam is not collected in a
Faraday cup, and therefore focused into the back of the detector
system, we demonstrate 133Cs+ may be scattered in such a way that it it
creates an artiﬁcial trace atm/z (134.5 – 139). This is illustrated by the
~ 40 cps at m/z 137.5 in Fig. 4a that is removed when L2 is moved
from m/z 136.9 to m/z 137.5 (Fig. 4b).
To obtain a mass spectrum “clean” of scattered 133Cs+, a series of mass
scans have been performed where a Faraday cup is sequentially moved
across the focal plane (Fig. A3). This approach captures the entire m/z
range of interest without producing scattered 133Cs+. This seems to be the
only means of exploring the non-scattered components of a mass
spectrum. These scans also demonstrate that the scattered 133Cs+ proﬁle
changes as a function of detector geometry, suggesting that the direction
of scattering is aﬀected by the position of the oﬀ-axis Faraday cups.
A comparison of 135Cs/137Cs measurements show that there
appears to be an inaccurate shift 10% – 15% when 133Cs+ is not
collected in a Faraday cup (Fig. 5). Considering this shift is quite subtle,
and the 135, 137Cs/133Cs remains constant with respect to time and Cs
intensity, if mass scans are not conducted, it is unlikely spectral
interferences will be identiﬁed. These measurements highlight the
importance of collecting 133Cs+, when performing high dynamic range
measurements. To preserve Faraday cup L1, two cup conﬁgurations
were compared (Table 5). The ratios obtained from the respective cup
conﬁgurations are in good agreement with one another. We believe this
is the most eﬀective compromise, where Faraday cup L1 is preserved
and 135Cs/137Cs atom ratios are accurately quantiﬁed.
3.3.2. Assessing the eﬀect of RPQ lens voltages on scattered 133Cs+
The scattering events that alter the m/z of 133Cs+ reduce the ions
energy and change their angle of trajectory. The RPQ is positioned in
front of the axial ion counter and is designed to act as an extremely
selective lens capable of ﬁltering ions as a function of their direction
and energy. Therefore, it is reasonable to expect the RPQ ion lenses to
discriminate scattered species. To assess the m/z ﬁltering capabilities
of the RPQ on scattered 133Cs+, the deﬂection and suppressor voltages
were set to their extremes, 0 V and 9974 V, respectively. Theoretically,
this should cause the deﬂection voltage to deﬂect all ions towards the
central Faraday cup rather than the axial SEM and the suppression
voltage to reduce transmission through the RPQ. Surprisingly, despite
setting the deﬂection and suppressor voltages to their extremes, an IC1
trace similar to that of the characteristic scattered 133Cs+ was observed
(Fig. 6). Furthermore, increasing the suppressor voltage to 9974 V did
not appear to alter the proﬁle of the scattered 133Cs+.
Possibilities for such behavior include leakage of scattered ions
through the SEM side cover or detection of neutral species (J.
Schweiters, pers. comm).
Considering that during these experiments, there are ~ 2 × 109 133Cs+
colliding with the back of the detector system each second, it seems
feasible that 100 of these ions (200 ppb) may be scattered in such a
geometry that causes them to pass through the spaces in the side cover of
the SEM. Halicz et al. [52], experience similar issues with scattered 40Ar+
and 40Ca+ at m/z's around 40, when attempting high-precision measure-
ments of Ca isotopes via MC-ICPMS. The interferences are attributed to
the ions being scattering around the detector housing.
It is highly unlikely that neutral species could travel from source to
detector, however, 133Cs+ may generate neutral species in the detector
housing capable of passing through ion lenses unperturbed. This
scenario is comparable to secondary ionization mass spectrometry
(SIMS) where neutrals tend to be the most abundant species generated.
3.4. Measurement of reference materials
There are no commercially available certiﬁed reference materials
for the determination of 135Cs/137Cs atom ratios. Therefore, to evaluate
this method, we have obtained environmental samples that have been
exposed to the same release event as those values quoted elsewhere. A
number of studies have compared IAEA-375; a soil sample collected
Fig. 5. The eﬀect on 135Cs/137Cs atom ratio measurements when 133Cs+ is collected in a
Faraday cup. Repeat measurements have been performed on an internal radiocaesium
standard loaded onto the same ﬁlament for (a) m/z 135/133Cs and (b) m/z 137/133Cs.
(c) Represents the 135Cs/137Cs atom ratios calculated from (a) and (b). The solid line
represents the average 135Cs/137Cs atom ratio where 133Cs+ has been collected in a
Faraday cup. The dashed lines are the respective 95% conﬁdence intervals. Uncertainties
are presented to 2SE.
Table 5
Comparison of peak-jumping via two Faraday cups to two separate methods where cup
L1 is preserved and cup L2 is moved between the respective methods. Uncertainties are
presented to 2SE.
Method Cup configuration 135Cs/137Cs atom ratio
L2 L1 IC1
1) 133Cs 135Cs 0.616 ± 3.342 × 10−3
133Cs 137Cs
2) 133Cs moved away 135Cs 0.613 ± 3.338 × 10−3
3) 133Cs moved away 137Cs
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from Novozybkov, Russia contaminated from the Chernobyl disaster of
1986 [12,26,31]. This material is currently out of stock. Instead, we
obtained IAEA-330, a Spinach sample collected from Polesskoe,
Ukraine. The two sites are approximately equidistant (300 km) from
the Chernobyl site. We expect the two reference materials to share the
same 135Cs/137Cs atom ratio and accordingly, IAEA-330 to be a
suitable reference material in place of IAEA-375 to validate the
proposed methodology. Isotopic measurements of Cs in environmental
samples collected from Iitate, Japan have also been published else-
where [29]. Therefore, roadside dust collected from Iitate, Japan (137Cs
activity on 11/03/2011 = 661 ± 49 Bq g−1), has been used as a
reference to assess the accuracy of 134Cs/137Cs measurements by mass
spectrometry in addition to 135Cs/137Cs measurements.
The results obtained by this work are in good statistical agreement
with the values reported in the literature for both IAEA-330 and
Fukushima roadside dust (Table 6). This demonstrates the proposed
method is suitable for the determination of 135Cs/137Cs atom ratios in a
range of environmental samples. Furthermore, it was also possible to
obtain 134Cs/137Cs atom ratios from the Fukushima roadside dust (Fig.
A4). Although 134Cs/137Cs may be quantiﬁed by gamma-spectrometry,
for samples where 133Cs is relatively low, mass spectrometry may oﬀer
improved limits of detection and greater precision.
3.5. Challenges of measuring 135, 137Cs/133Cs at high dynamic ranges
( < 1 × 10−8)
The 135, 137Cs/133Cs in the Fukushima samples and IAEA-330 were
on the order of 1 × 10−6 and 1 × 10−7, respectively. Notably, at 135,
137Cs/133Cs ≈ 1 × 10−6, scattered 133Cs+ does not appear as a
signiﬁcant spectral interference (Fig. A4). However, one of the princi-
pal motivations of this study was to establish a routine protocol to
quantify 135Cs/137Cs atom ratios in environmental samples with 135,
137Cs/133Cs ≈ 1 × 10−9 so that it may be widely used as a forensic tool
for nuclear operations and tracing environmental processes. To test our
ability to accurately determine atoms ratios, one would normally rely
on certiﬁed reference materials or commonly-used standards.
Unfortunately, such materials do not exist with such a high dynamic
range. Instead, we use the three sample splits from homogenized
estuarine sediment, which were treated independently through chem-
istry and mass spectrometry (Fig. 7).
Due to spectral interferences from scattered 133Cs+, a mass scan is
not an eﬀective means of assessing the presence of interferences atm/z
135 and m/z 137. To identify potential interfering species with
diﬀerent ionization behavior to Cs, we measured isotope ratios for
each sample at a range of ﬁlament currents and beam intensities (7 –
110 V 133Cs+). No shift in results is apparent for m/z 135/133Cs, but
shifts of ~ 10% and ~ 30% can be seen for m/z 137/133Cs in two of the
runs (Fig. 7). These data are sensitive to minor interferences because
beam intensities at m/z 137 are from 3 to 30 cps.
It is not possible for 137Ba to be the cause of the shift exhibited in
Fig. 7 because the proportion of Ba ionized with respect to Cs will
increase with ﬁlament temperature and therefore, m/z 137/133Cs
would also increase. Additionally, one would also see a corresponding
shift in m/z 135/133Cs because of the presence of 135Ba. One or more,
as yet unidentiﬁed, organic polyatomic interferences discussed earlier
is likely to be responsible for the minor interference, with maximum
intensity of < 2 cps.
For runs exhibiting a shift in ratio with intensity, we based our
mean estimate of m/z 137/133Cs atom ratios on the highest intensity
data points (upper 25%). In treating the data this way, the 135Cs/137Cs
atom ratios obtained for the three sample splits show excellent
reproducibility at good precision ( < 5% 2 SE) considering the
challenges these samples present (Fig. 7).
Fig. 6. Proﬁles of scattered 133Cs+ from a 35 V 133Cs+ beam following changes made to
RPQ settings.
Table 6
134Cs/137Cs and 135Cs/137Cs atom ratios measured for Chernobyl and Fukushima derived
materials. Uncertainties estimated to 2SE.
Reference 134Cs/137Cs atom ratio 135Cs/137Cs atom ratio
Chernobyl – decay corrected to 26.04.1986
This studyb n/a 0.29 ± 0.02 (n = 3)
Taylor et al. [12]a n/a 0.30 ± 0.03 (n = 3)
Zheng et al. [31]a n/a 0.29 ± 0.01 (n = 3)
Snow et al. [26]a n/a 0.30 ± 0.01 (n = 5)
Zheng et al. [32]b n/a 0.29 ± 0.02 (n = 4)
Snow et al. [11]b n/a 0.29 ± 0.01 (n = 2)
Iitate village, Fukushima – decay corrected to corrected 11.03.2011
This study 0.072 ± 0.002 (n = 5) 0.362 ± 0.001 (n = 5)
Shibahara et al. [29] 0.07131 ± 0.0004 0.3625 ± 0.0007
a IAEA-375.
b IAEA-330.
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We consider the reproducibility presented above to show great
potential in our methods to quantify 135Cs/137Cs atom ratios in
analytically challenging materials where 137Cs concentration is as low
as 12 fg g−1. To further conﬁrm the capability of this technique to
quantify trace amounts of radiocaesium at the 135, 137Cs/133Cs = 1 ×
10−9 level, it is recommended that a well-known 135Cs/137Cs standard
is diluted with 133Cs.
4. Conclusions
The proposed methodology eﬀectively separates Cs from a range of
analytically challenging environmental samples (sediments, soil and
spinach). The chemical separation protocol provides excellent separa-
tion from species that can potentially be problematic for analysis of Cs
isotopes by TIMS (alkali metals, Ba and organic species). A double
AMP-PAN anion-exchange column followed by Sr-resin has been
shown to provide a larger separation factor from Rb than other values
that are reported in the literature ( > 600) [26]. This method is used to
remove Ba as an isobaric interference because, when adequately
separated from the other alkali metals, Cs is ionized at a lower
temperature than Ba. These ionization conditions eliminate the re-
quirement to correct for trace Ba interferences, improving measure-
ment precision.
Glucose has been identiﬁed as a suitable activator, for a single
ﬁlament ionization source: Cs loaded onto a single ﬁlament with no
activator did not yield a suﬃcient enough ionization eﬃciency to
conduct isotope ratio measurements. By improving ionization eﬃ-
ciency greater precisions may be achieved, this is particularly desirable
in situations where sample size is limited. Additionally, unlike TaCl +
H3PO4 and Silica gel + H3PO4, a glucose activator did not promote low
temperature polyatomic interferences at m/z's 134, 135, 136, 137 and
138.
A detailed discussion is provided on the challenges associated with
conducting measurements on samples with 135, 137Cs/133Cs as low as 1
× 10−9 using MC-TIMS. Speciﬁcally, novel experiments have been
designed to better understand the behavior of scattered 133Cs+ as a
spectral interference. Evidently the proﬁle of scattered 133Cs+ appears
to be a function of 133Cs+ intensity and detector geometry. Remarkably,
despite setting the deﬂection and suppressor voltages of the RPQ to
their extremes, scattered 133Cs+ continued to produce noise on the axial
ion counter. We demonstrate that, to the detriment of Faraday cup
performance, to perform accurate isotopic measurements of Cs, 133Cs+
should be collected in a Faraday cup. Insights into the m/z ﬁltering
capability and associatively, limits of the dynamic ranges of these
instruments are anticipated to be of value for measurements of other
analytically challenging isotopic systems, such as 236U/238U, 41Ca/40Ca,
129I/127I and 90Sr/88Sr.
Values obtained from materials contaminated from the Fukushima
and Chernobyl disasters are in good agreement with those published in
the literature. Notably, due to the instruments excellent abundance
sensitivity, it has been possible to quantify 134Cs/137Cs atom ratios by
mass spectrometry. Similarly, the 134Cs/137Cs atom ratios measured
Fig. 7. m/z 135/133Cs and m/z 137/133Cs vs 133Cs+ intensity for three samples (a), b), c)) of the same homogenized estuarine sediment sample. For measurements that exhibit
statistically signiﬁcant drift, only the highest (upper 25%) intensity data points (black symbols) have been selected to calculate mean atom ratios. Uncertainties estimated to 2SE.
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are in good agreement with other values from Fukushima material.
While it is possible to quantify this ratio by gamma-spectrometry,
which is generally less labor-intensive, mass spectrometry potentially
oﬀers lower limits of detection and greater precision.
Finally, the proposed method was applied to estuarine sediments
containing ~ 12 fg g−1 of 137Cs, high quantities of alkali metals and Ba
and 135, 137Cs/133Cs ≈ 1 × 10−9. Three 1 g sub-samples of homogenized
sediment were treated separately through chemistry and subsequently
measured by MC-TIMS. These measurements exhibited some evidence of
polyatomic interferences. However, by selecting the highest intensity data
points, the three samples showed good statistical agreement. This demon-
strates the potential of this method to reproducibly quantify 135Cs/137Cs
atom ratios in ultra-trace quantities at extreme dynamic ranges.
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